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Climate change and engineering activities are the leading causes of permafrost temperature increase, active layer thickening, and 
ground-ice thaw, which trigger changes in the engineering stability of embankments. Based on the important research advances on 
permafrost changes and frozen soil engineering in Qinghai-Xizang Plateau, the changes in permafrost temperature and active layer 
thickness, their relationships with climate factors, the response process of engineering activities on permafrost, dynamic change of 
engineering stability of Qinghai-Xizang Railway, and the cooling mechanism and process of crushed-rock layers are discussed 
using the monitoring data of permafrost and embankment deformation. Finally, solutions to the key scientific problems of frozen 
soil engineering under climate change are proposed.  
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Frozen soil, one of the cryosphere factors most widely dis-
tributed in the Northern Hemisphere, occupies approxi-
mately 56% of the Northern Hemisphere landmass while the 
areal extent of permafrost covers approximately 24% of the 
land area [1]. Permafrost has an extensive response and 
feedback to climate changes [2,3]. Permafrost changes can 
have a large impact on land surface energy and moisture 
balance, and hence, on weather and climate, surface and 
subsurface hydrology, carbon exchange between land and 
atmosphere, ecosystems in cold regions, and landscape and 
geomorphological processes. Ground surface subsidence 
caused by permafrost thaw increases the risks of thermal 
hazards and disrupts the infrastructure stability and opera-
tions in cold regions [4,5]. Permafrost regions occupy ap-
proximately 53% of the land area in Qinghai-Xizang Plat-
eau (QXP), which is the high-elevation permafrost most 
widely distributed on Earth [6,7]. Permafrost temperature 
increase, increase of active layer thickness (ALT), and per-
mafrost degradation have a considerable influence on 
weather and climate, subsurface hydrology, as well as eco-
logical environment and engineering in cold regions [8–11]. 
Embankments constructed in permafrost inevitably dis-
rupt the surface energy balance, resulting in the rise of per-
mafrost temperature and permafrost table [12,13]. However, 
the engineering stability of permafrost not only influences 
the thermal disturbance from engineering, but also the 
long-term thermal effect on climate changes. Specifically, 
high ice content and warm permafrost with high ice content, 
which has a mean annual ground temperature higher than 
−1°C and a volume ice content more than 25%, are more 
sensitive to climate change and engineering influence 
[14–16]. Climate change and engineering activities have an 
overlapping and complicated influence on warm permafrost, 
which measures such as passively protecting permafrost 
using only traditional rising embankment heights to increase 
thermal resistance cannot effectively resolve; thus, 
measures that can actively protect permafrost and maintain 
the long-term stability of embankments are needed 
[14,17,18]. Therefore, permafrost change and engineering 
stability under the effect of climate changes and engineering 
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thermal disturbance are the key topics as well as difficulty 
of permafrost engineering.  
1  Permafrost change 
Permafrost change is a sensitive indicator of climate change 
[3]. Numerous observation sites were set up to monitor the 
change of the permafrost regime and ALT in the Northern 
Hemisphere, as well as to show the temporal and spatial 
changes in the pattern of the permafrost regime and ALT 
[19–23]. In China, studies on permafrost change in QXP 
started in the 1990s; these studies showed the changes in 
permafrost temperatures and permafrost degradation fea-
tures [24,25] and the effect of climate change on permafrost 
[26–28]. Along with the deepening of climate change and 
cryosphere research, some monitoring sites for permafrost 
temperature were built along Qinghai-Xizang Highway 
(QXH) in 1995 and 1998 [29,30]. These monitoring sites 
cross the permafrost regions 550 km long along QXH, in-
cluding predominantly continuous permafrost regions, dis-
continuous permafrost regions, and island permafrost re-
gions. Recognizing the importance of QXP permafrost to 
global changes, King et al. [31] proposed the conceptual 
monitoring network to study the change in permafrost and 
ALT in QXP. Eight sites were built to monitor the change in 
soil moisture and temperature in seasonally frozen soil and 
permafrost regions in QXP for the Global Energy and Water 
Cycle Experiment Asian Monsoon Experiment/Tibet project 
[32–34]. The monitoring results show that the cryosphere in 
China is experiencing predominant changes [35] and per-
mafrost degradation, which lead to environmental problems 
[9,36]. Permafrost degradation and spatial as well as tem-
poral change in permafrost temperature and ALT under the 
scenario of climate change have a predominant trend and 
result in thermal hazards [37–41]. The lower limit’s north-
ern boundary of permafrost distribution is seriously de-
graded in QXP [42] and the permafrost thickness greatly 
decreased [43,44]. Moreover, the seasonal freezing depth in 
QXP shows predominant temporal and spatial changes [45]. 
From 1991–2010, ALT increased about 35 cm and perma-
frost temperatures rose about 0.4 to 0.9°C in the headwaters 
of Urumqi River in Tianshan Mountains [22,46]. In the last 
30 years, permafrost in the Xinganling regions showed pre-
dominant regional degradation, ALT increased by 20–40 cm, 
and mean annual ground temperature rose about 0.1 to 
0.2°C [47,48]. These studies greatly promote the research of 
permafrost change in China. 
Based on the data of monitoring sites along QXH (Figure 
1), we analyzed the response of ALT and permafrost tem-
perature to climate change in QXP. Under the effect of cli-
mate change, the freezing and thawing process within the 
active layer shows predominant change. The thaw duration 
of soils at 50 cm depth varied from April 25 to May 11, 
from 172 to 185 d with a mean thaw duration of about 179.5 
d. The completely linked time of freezing and thawing oc-
curred from February 11 to March 15. ALT changes in 
permafrost regions along QXH ranged from 132 to 457 cm, 
with a spatial and temporal average of 241 cm [49]. ALT 
varied from 105 to 322 cm based on other monitoring sites 
in QXP [22]. Under the effect of climate change, ALT along 
QXH continuously increased from 1995 to 2010, with an 
average increase of 67 cm. The annual increasing rate of 
ALT varied from 2.1 to 16.6 cm a−1, with an average of 7.5 
cm a−1 (Figure 2) [49]. The mean annual increasing rate of 
ALT in other monitoring sites was about 4 cm a−1 [22]. All 
the monitoring results in QXP show that ALT has great spa-
tial and temporal difference. The mean annual increasing 
rate of ALT is about 5 cm a−1 at cold permafrost areas in 
high-middle mountains, where the mean annual ground 
temperature is lower than −1.5°C, and about 11.2 cm a−1 at 
warm permafrost areas in valleys and high plains, where the 
mean annual ground temperature is higher than −1.5°C [49]. 
During the past decades, permafrost temperatures have 
largely risen. From 1970 to 1990, the mean annual ground 
temperature of seasonally frozen soil and island permafrost 
rose 0.3 to 0.5°C, and that of predominant continuous per-
mafrost from 0.1 to 0.3°C [9,26,27]. From 1996 to 2001, 
permafrost temperature near the permafrost table rose about 




Figure 1  Monitoring sites of permafrost temperatures and ALT along 
QXH. 
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Figure 2  Active layer thickness (a), departure of active layer thickness 
(b), and annual increasing rate of active layer thickness (c). 
shown a more predominant trend of temperature increase; 
the rising rate of permafrost temperature near the permafrost 
table is about 0.06°C a−1 [22], the mean annual temperature 
of permafrost at 6 m depth has risen from 0.12 to 0.67°C, 
and the rising rate of permafrost temperature at 6 m depth 
varies from 0.01 to 0.06°C a−1 at an average of 0.04°C a−1 
(Figure 3) [10]. Permafrost temperatures show a predomi-
nant spatial and temporal difference in QXP. For cold per-
mafrost in high-middle mountains, the rising rate of perma-
frost is about 0.055°C a−1. For warm permafrost in high 
plains and valleys, the rising rate of permafrost is about 
0.023°C a−1. The process of permafrost phase change main-
ly affects the response of permafrost to climate change.  
The changes in ALT and permafrost temperature in QXP 
are clearly larger than those in other permafrost regions, and 
the response of permafrost and ALT to climate change has a 
predominantly regional difference, showing the trend of 
opposite spatial and temporal change. This finding implies 
that local factors have an important role in ALT and perma-
frost changes, which, in turn, have a significant response to 
climate change. However, climate factors such as air tem-
perature and precipitation control permafrost change. The 
statistical relationship between ALT change and subsurface 
soil temperature in summer shows that ALT change is 
closely related with the increase in mean soil temperature 
(July–August), but not predominant with the change of 
mean soil temperature in winter (December–February) 
[49,50]. For the past decade, the mean annual air tempera-
ture from four weather stations along QXH (i.e. Wudaoliang, 
Fenghuoshan, Tuotuohe, and Amdo) showed an increase of   
 
Figure 3  (a) Permafrost temperature at 6 m depth; (b) permafrost tem-
perature departure; (c) annual increasing rate of permafrost temperature. 
about 0.6 to 1.6°C, which is generally sufficient to account 
for the permafrost warming. However, an increase in sum-
mer rainfall and a decrease in winter snowfall may be cool-
ing factors to the underlying soil, offsetting to a lesser de-
gree the permafrost warming. From 1995 to 2005, the per-
mafrost temperature at a depth of 6 m increased year-round, 
with most of the increase occurring in spring and summer, 
but the air temperature in winter increased an average of 2.9 
to 4.2°C. Taking into consideration the significant spring 
and summer permafrost warming at 6 m depth because of 
the three to six months’ time lag, permafrost temperature 
increases mainly due to increasing air temperature during 
winter [10].  
2  Response process of permafrost to engineer-
ing activities  
Infrastructure construction on permafrost changes the radia-
tion energy structure and energy balance of the ground sur-
face due to changes in physical properties of the ground 
surface. These variations, in turn, lead to changes in the 
freezing and thawing process of soil, permafrost table, and 
permafrost temperature, as well as ground-ice thaw near the 
permafrost table under infrastructure, which decrease engi-
neering stability. Therefore, the effect of engineering activi-
ties on permafrost must be forecasted to ensure engineering 
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stability in engineering design. Engineering stability is 
studied by monitoring the permafrost and deformation in 
many countries. In the mid-1980s, a Canadian geological 
survey set up several monitoring networks to evaluate the 
effect of the Norman pipeline engineering on permafrost in 
the Mackenzie delta, Tuktoyaktuk Peninsula, and northern 
Alberta [51].  
Furthermore, in 1991, the active layer process, perma-
frost temperature, seasonal thaw depth, and thaw settlement 
along the pipeline were monitored in the permafrost regions 
of Nadym areas in West Siberia, Russia, and the Mackenzie 
River Valley, Canada [52–54]. A scientific project focused 
on climate change and permafrost research in Europe was 
set up to study climate change, permafrost degradation, and 
geotechnical hazards in 1998 [55]. A monitoring network  
of permafrost under the effect of engineering was built    
to observe the permafrost change and embankment stability 
along QXH and Qinghai-Xizang Railway (QXR) [56,57].  
In recent years, based on a summary of the important ad-
vances in QXH permafrost engineering from the 1990s   
to the 2000s [58], the interaction between QXH and perma-
frost [59], engineering geology characteristics and frozen 
soil processes [60,61], the effect of engineering activities   
on frozen soil environment [62], as well as thermal stability 
and thaw erosion sensitivity [63] were studied to quantita-
tively propose a permafrost thermal regime and heat budget 
under an asphalt pavement [64]. Embankment deformation 
and its influence factors [65,66], and a summary and analy-
sis of the newest advances in highway construction tech-
nologies in permafrost regions of QXP were also presented 
[67]. 
After QXH was constructed, the thermal effect of the 
asphalt pavement produced a continuously increasing per-
mafrost table under the embankment (Figure 4(a)). Figure 
4(b) shows the great difference in fluctuation increase of the 
permafrost table (Figure 4(b)). The change of permafrost 
table under the embankment is closely related with the per-
mafrost’s thermal stability (Figure 4(b)). For cold perma-
frost in high-middle Mountains, where the mean annual 
ground temperature is lower than −1.5°C (e.g. KM1, KM2, 
WD2, and FH1 sites), the increasing rate of permafrost table 
varies from 2.1 to 9.4 cm a−1, with an average of 4.8 cm a−1 
[68]. For warm permafrost in high plains and valleys, where 
the mean annual ground temperature is higher than −1.5°C 
(e.g. the CM1, CM2, TG1, TM1, and AD1 sites), the in-
creasing rate of permafrost table varies from 17.4 to 25.8 
cm a−1, with an average of 22.5 cm a−1 [68]. After the   
asphalt pavement was constructed about 35 years in cold 
permafrost areas, the permafrost table under the embank-
ment increased only 23 cm, implying that embankment  
stability can be ensured by heightening the embankment  
to increase thermal resistance [59,64,67]. After the asphalt 
pavement was constructed in warm permafrost areas,    
the permafrost table under the embankment continuously 
increased; the maximum increase was more than 2 m.  
 
Figure 4  (a) Permafrost table beneath the embankment of QXH and (b) 
the annual increasing rate of permafrost table. 
Obviously, until special designs are proposed, embankment 
stability cannot be ensured by heightening the embankment 
to increase thermal resistance [59,67]. 
The engineering effect results in a larger absorbed heat of 
soils than release heat, showing the absorbed heat in one 
year [64] and leading to an increasing in permafrost tem-
perature beneath the embankment. In recent decades, per-
mafrost temperature beneath the QXH embankment has 
continuously increased (Figure 5(a) and (c)). The mean an-
nual permafrost temperature at 6 m depth increased from 
0.2 to 0.96°C, with an average of 0.44°C during the past 12 
years. Figure 5(b) shows that the increasing rate of perma-
frost temperature varied from 0.018 to 0.087°C a−1. The 
mean annual permafrost temperature at 10 m depth in-
creased from 0.25 to 0.54°C, with an average of 0.37°C 
during the past 12 years. Figure 5(d) shows that the in-
creasing rate of permafrost temperature varied from 0.022 
to 0.052°C a−1 [68]. The changes in permafrost temperature 
have a regional difference; the increasing fluctuation of 
permafrost temperature in middle-high mountains is smaller 
than that in high plains and valleys [56]. Nonetheless, this 
trend is applicable in the Nothern Tanggula Mountains.  
The response of permafrost to climate change and to en-
gineering activities has a great difference. Engineering ac-
tivities are short-term, quick-effect processes on permafrost, 
whereas climate change is a long-term, slow-effect process 
on permafrost. For cold permafrost in middle-high moun-
tains, the effect of climate change on the permafrost table 
and temperature is larger than that of engineering activities 
(Figure 6). For warm permafrost in high plains and valleys, 
the effect of engineering activities on the permafrost table 
and temperature is larger than that of climate change (Fig-
ure 6). This disparity in effect is a result of engineering ac-
tivities significantly enlarging permafrost change during the 
first few years after engineering construction. However, 
after the effect of engineering activities on permafrost is  
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Figure 5  (a) Mean annual permafrost temperature at 6 m depth beneath the embankment; (b) annual increase rate of permafrost temperature; (c) mean 
annual permafrost temperature at 10 m depth beneath the embankment; (d) the increasing rate of permafrost temperature. 
 
Figure 6  (a) Permafrost table and (b) permafrost temperature at 6.0 m 
depth under the effect of climate change and engineering. 
reduced, the effect of climate change on permafrost will 
gradually occur. Assuming constant annual rates of perma-
frost warming under climate change, 30 to 50 years will 
pass before cold permafrost under engineering undergoes 
the combined influence of climate change and engineering 
activities, whereas warm permafrost only need 20 years [56]. 
According to the approximately 30-year history of QXH 
construction, warm permafrost experiences a combined in-
fluence of climate changes and engineering activities, but 
cold permafrost does not. Therefore, the change of warm 
permafrost is controlled by the coupling action of long-term 
climate change and short-term engineering of activities. 
Embankment stability is greatly changed because of the 
permafrost change under engineering. Embankment defor-
mation is closely related to the thermal stability of perma-
frost. The rate of embankment deformation reaches as much 
as 4 to 10 cm a−1 for the permafrost areas with a mean an-
nual ground temperature higher than −1.5°C, where it is less 
than 4 cm a−1 for the permafrost areas with a mean annual 
ground temperature lower than −1.5°C [59,65,66]. Thawing 
permafrost with high ice content (volume ice content is 
more than 25%) results in a large embankment deformation. 
In addition, the amount of thaw settlement is positively cor-
related with the permafrost thawing rate, which has a corre-
lation coefficient of more than 0.85 [68], indicating that 
most embankment deformation is caused by permafrost 
thawing.  
3  Dynamic change of QXR engineering stability 
The engineering surfaces of QXH and QXR have significant 
differences. The asphalt pavement of QXH is relatively 
close and impermeable to air and water, but the ballast of 
QXR is permeable to air and water. Therefore, the effect of 
QXR on the thermal-mechanical stability of permafrost un-
der embankment is not the same as that of QXH. QXH and 
QXR face highly sensitive issues such as the effect of cli-
mate change and engineering activities on warm permafrost 
with high ice content [14,69]. Thus, focusing on the effect 
of engineering on permafrost will have a considerable dif-
ference to QXH and QXR because of their usage lifetime 
and service performance. To solve the highly sensitive is-
sues mentioned, the design ideas of a cooling roadbed and 
decreasing the permafrost temperature are proposed [70]. A 
cooling roadbed can be achieved through geotechnical 
measurements of adjusting and controlling heat conduction, 
convection, and radiation [13,17,18]. Owing to the difficul-
ty and complexity of QXR construction, a dynamic feed-
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back design is proposed, and QXR designs are optimized by 
the repeated cycles of “design-monitoring-prediction-  
feedback management” [71]. Design parameter, monitoring, 
and prediction are the keys to achieving a cooling roadbed 
and decreasing the permafrost temperature.  
During the early periods of QHX construction, three ex-
perimental sections were built at Qingshuihe, Beiluhe, and 
Tuotuohe, and numerous geotechnical measurements were 
studied to evaluate the protective effect of these sections to 
permafrost under engineering [72,73]. A heat insulator 
paved within the embankment can delay permafrost thawing 
beneath the embankment, though the roadbed stability can-
not be completely solved [74,75]. A combined thermosi-
phon and heat insulator can better remedy the imperfection 
of a heat insulator, which relies purely on thermal resistance 
to protect the permafrost beneath the embankment and ac-
commodate the effect of climate change [76,77]. Thermosi-
phon, a one-way heat conducting-device that can bring the 
heat amount out of the embankment by conducting a “cool-
ing amount” of air in winter into the embankment, has a 
better effect on the cooling roadbed. It is widely used in 
permafrost regions in Canada and the US [78–80] as well as 
in QXH and QXR [81–84]. Ventiduct embankments can 
effectively decrease permafrost temperature beneath the 
embankment by enforcing convection [85,86], which shows 
an ability to adapt to climate change [87–89]. Crushed-rock 
structure embankments such as crushed-based rock em-
bankments (CBREs), crushed-rock and debris covers, and 
U-shape crushed-rock embankments can better protect per-
mafrost beneath the embankment, which will not thaw when 
the air temperature increases to 2.6°C in the next 50 years 
[90–93]. Therefore, these measures are widespread in the 
permafrost regions of QXR [72]. Shading boards and awn-
ings can effectively decrease permafrost temperature by 
reducing the solar radiation of embankment surfaces. The 
mean temperature of embankment slope surfaces inside 
shading boards is lower by 3.2 and 1.5°C than those without 
shading boards and those with natural surfaces, respectively, 
thus reducing heat amount into the embankment [13,94,95]. 
In recent years, some new embankment structures of the 
cooling roadbed have been proposed [96]. Engineering 
measures of the cooling roadbed have a significant role in 
protecting the permafrost beneath the embankment for the 
construction and design of QXR.  
Thermal and mechanical stability was one of the most 
important research foci during the period of QXR operation. 
Therefore, observation systems for permafrost embankment 
stability along QXR were built to monitor the permafrost’s 
dynamical change of thermal and mechanical stability be-
neath the embankment, as well as the difference of solar 
radiation between the sunny and shaded slopes [57,97]. 
These systems illustrate the dynamical processes of perma-
frost change beneath the embankment and of embankment 
deformation [98–102]. 
3.1  Thermal regime of permafrost and embankment 
deformation of QXR 
The monitoring results of permafrost temperatures show 
that the protective effect of crushed-based rock on perma-
frost beneath the embankment is predominantly different 
and closely related to the thermal stability of permafrost. 
For stable cold permafrost regions where the mean annual 
ground temperature is lower than −2.0°C, permafrost be-
neath the crushed-based rock and general embankments 
have an obviously decreasing trend (Figure 7(a) and (b)). 
This finding indicates that one part of the cooling amount in 
the crushed-based rock and general embankments is used to 
freeze the soil layer thawed in summer, and a residual part 
can be used to decrease permafrost temperature beneath the 
embankment [98,99]. For the CBRE, the mean annual rate 
of decreasing permafrost temperature varied from 0.088 to 
0.11°C a−1 during the period of 2006 to 2010 and gradually 
increased with a depth above 5.0 m depth, while the perma-
frost at 10.0 m depth beneath the embankment had an obvi-
ous decrease (Figure 7(a)). For the general embankment, the 
mean annual decreasing rate of permafrost temperature var-
ied from 0.10 to 0.13°C a−1 during the period of 2006 to 
2010 and gradually decreased with depth [103]. The perma-
frost table beneath the crushed-based rock and general em-
bankments also rose into the embankment. A newly formed 
permafrost table is also relatively stable and soil tempera-
tures near the permafrost table have a predominantly de-
creasing trend. The embankment deformation mainly shows 
frost heave; the total amount of frost heave is lower than 2 
cm, indicating a stable embankment [100]. 
For basically stable cold permafrost regions where the 
mean annual ground temperature varies from −1.0 to 
−2.0°C, permafrost beneath the crushed-based rock and 
general embankments have an obviously decreasing trend 
(Figure 8(a) and (b)). However, the decreasing fluctuation 
of permafrost temperature beneath the CBRE is larger by 
1.0 to 1.5°C than that beneath the general embankment 
[98,99,101,102]. For the CBRE, the permafrost table has a 
predominant rise while the soil temperature near the newly 
formed permafrost table has an obviously decreasing trend. 
For the general embankment, the permafrost table predom-
inantly rises. However, the rising fluctuation of the perma-
frost table beneath the general embankment is smaller than 
that beneath the CBRE while the soil temperature near the 
newly formed permafrost table is basically stable. Em-
bankment deformation mainly shows thaw settlement. Dur-
ing the five-year observation period, the total amount of 
deformation was smaller than 5 cm, indicating that the em-
bankment is stable. However, the deformation of a general 
embankment is larger than that of the CBRE and is pre-
dominantly uneven [100]. 
For unstable warm permafrost regions where the mean 
annual ground temperature is higher than −1.0°C, permafrost 
beneath the crushed-based rock and general embankments  
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Figure 7  (a) Change of permafrost temperature beneath the CBRE and (b) the general embankment in cold permafrost regions. 
 
Figure 8  Change of permafrost temperature beneath (a) the CBRE and (b) the general embankment in basically stable cold permafrost regions. 
have a slightly decreasing trend, but the decreasing fluctua-
tion of permafrost temperature is smaller than that of cold 
permafrost. Permafrost temperature does not show a pre-
dominantly increasing trend because crushed-rock em-
bankments gradually produce the effect of protecting per-
mafrost beneath the embankment because of the perma-
frost’s poor thermal stability [98–101]. Therefore, em-
bankment deformation is basically stable with only a slight 
differential deformation. At the same depth, the soil tem-
perature in general embankments is higher by about 2°C 
than that in CBREs and has a predominantly increasing 
trend. The original thermal balance of soil is changed under 
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the influence of engineering disturbance or soil thermal re-
sistance of the embankment, resulting in the increase in soil 
temperature beneath the embankment and a decrease in the 
permafrost table [98,103]. Permafrost thawing beneath the 
embankment produces a deformation more than 5 cm, 
though more than 10 cm in five sections are observed [100].  
Generally, CBREs can effectively decrease permafrost 
temperature and increase permafrost table while ensuring 
that the embankment is stable. General embankments de-
crease permafrost temperature and increase permafrost table 
in cold permafrost regions. Permafrost temperature has an 
increasing trend in warm permafrost regions, whereas per-
mafrost table has a decreasing trend. Such changes lead to 
large deformation and large differential deformation, greatly 
affecting embankment stability.  
 
3.2  Thermal effect of sunny and shaded slopes of  
embankment 
The differences in solar exposure produce a predictable 
thermal effect on the sunny and shading slopes of the em-
bankment, which result in differences in soil temperature 
and permafrost table under the shoulder [104,105] and nu-
merous engineering problems such as uneven deformation 
and longitudinal crack of the embankment in permafrost 
regions [66,106,107]. The difference of soil thermal regime 
in an embankment slope results in the difference between 
the freezing and thawing characteristics of soil beneath the 
embankment [106,107]. Results show that the difference of 
subsurface soil temperature between sunny and shading 
slopes of the embankment is closely related with solar radi-
ation [108]. A special design that considers the differential 
thickness of crushed-rock cover can be used to reduce the 
thermal effect of sunny and shading slopes, thus gradually 
making the soil temperature uniform beneath the embank-
ment and reducing uneven deformation [109].  
The monitoring results of permafrost temperature along 
QXR show that permafrost temperatures and the permafrost 
table beneath the embankment have a large difference, and 
such difference in cold permafrost regions is predominantly 
larger than that in warm permafrost regions. The permafrost 
table beneath the sunny slope of the embankment is deeper 
by 1.5 to 2.0 m than that beneath the shading slope of the 
embankment, which indicates a sloping interface of freez-
ing-thawing beneath the embankment [110]. The soil tem-
perature difference between the sunny and shading slopes of 
the embankment for all monitoring sections along QXR 
varies from 0.5 to 3.0°C. Engineering measures can signifi-
cantly reduce the thermal effect of sunny and shading slopes. 
The mean difference of soil temperature between the sunny 
and shading slopes of embankment is about 0.7 to 1.58°C 
for the general embankment without measures, and about 
0.23 to 1.2°C for the embankment with measures. The soil 
temperature difference between the sunny and shading 
slopes of the embankment is mainly caused by the soil 
temperature difference in winter [110]. The calculated re-
sults of all the sections show that the difference of solar 
radiations and surface temperature between sunny and 
shading slopes is positively correlated with embankment 
orientation (Figure 9). This result gives us important predic-
tions, which embankment design in permafrost regions can 
use to account for the influence of embankment orientation 
on the thermal effect of sunny and shading slopes [110].  
3.3  Cooling process and mechanics of crushed-rock 
structure 
Crushed-rock structure embankment is one of the geotech-
nical measures widely applied in the permafrost regions of 
QXR, including CBRE, crushed and debris rock cover, 
U-shaped crushed-rock embankment [17,70,71], and so 
forth. However, the cooling mechanics of crushed-rock 
structures are unclear during the early period of QXR con-
struction. In nature, soil temperature beneath the crushed- 
rock layer has a better decreasing trend [111–113], usually 
resulting in permafrost occurrence in the areas where mean 
annual air temperature is higher than 0°C; such cooling 
phenomenon depends on the “chimney” effect of the 
crushed-rock layer on the slope [114]. Therefore, Cheng et 
al. [115–117] constructed an experimental section to study 
the cooling effect of a crushed-rock embankment on perma-
frost at the Reshui coal mine in Qilian Mountains. Gering et 
al. [118,119] set up an experimental section of air convec-
tion embankment (crushed-rock layer) with asphalt pave-
ment to study the cooling mechanism in Alaska. Their re-
search results show that air convection affects the crushed- 
rock layer, and such effect results in a large decrease of  
 
 
Figure 9  Embankment orientation versus the difference of (a) solar radi-
ation and (b) slope surface between sunny and shaded embankment slopes 
along QXR. 
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permafrost temperature beneath the air convection em-
bankment. At the same time, numerical simulation was 
conducted to find the mechanism of air convection within 
the crushed-rock layer [120]. For QXR, the soil layer un-
derlying the crushed-rock layer needs to be filled, namely, 
CBRE [72], and the crushed-rock layer is paved on em-
bankment slopes, namely, crushed-rock cover. However, 
several important problems during the early periods of QXR 
construction, such as the cooling mechanism, the effect of 
crushed-rock structure embankment on permafrost, and the 
cooling effect after the crushed-rock layer is jammed by 
sand, are still unclear. Therefore, experimental sections of 
crushed-rock structure embankment were constructed in 
permafrost regions with a thick-layer ground ice in Beiluhe 
to focus on the cooling mechanism and effect on permafrost 
beneath the embankment under open and close conditions of 
the crushed-rock layer [121–123]. In these regions, open 
conditions mean that the crushed-rock layer connects with 
the air outside and close conditions mean that the crushed- 
rock layer does not connect with the air because it is paved 
with a soil layer 5 cm thick.  
(1) Crushed-based rock embankment (CBRE). The de-
sign and construction of a CBRE require a large interspace. 
The experimental results show that the void ratio of a 
crushed-rock layer with an average grain size of 10 cm to 
15 cm is about 45% [124]. According to the monitoring data 
from experimental sections in Beiluhe, the cooling mecha-
nism of the open-system CBRE shows a combined process 
of enforcing convection of extensive ventilation and weak 
air convection in the northwest-facing side of the embank-
ment in winter (Figure 10(a)), which is closely related to 
wind speed and directions (Figure 11(a)–(c)) [121–123]. 
When the wind speed is large, the enforcing convection of 
ventilation occurs. When the wind speed is small, the weak 
air convection occurs in the northwest-facing side of the 
embankment. Weak enforcing convection within the CBRE 
occurs due to the small wind speed in summer. Heat con-
duction usually occurs within the CBRE in summer, and a 
large interspace within the crushed-rock layer causes the 
effect of heat insulation. Therefore, CBRE can produce ex-
tensive cooling effect to permafrost beneath the embank-
ment under the effect of such cooling mechanism mentioned. 
Moreover, soil temperatures have an extensively decreasing 
trend and the decrease of soil temperature at 10 m depth 
beneath the embankment is dominant [121–123]. However, 
the enforcing convection process within the close-system  
 
 
Figure 10  (a) Open-system and (b) close-system CBRE isotherm. 
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Figure 11  (a) Winter air temperature, (b) wind speed, (c) open-system, and (d) close-system temperature change within a crushed-rock layer. 
CBRE is weakened due to the prevention or weakening of 
the wind effect (Figure 10(b)). In comparison, the tempera-
ture difference between the top and bottom of the crushed- 
rock layer cannot sufficiently enforce air convection be-
cause of the effect of the soil that fills the underlying em-
bankment (Figure 11(d)). Therefore, the heat conduction 
process is dominant within the close-system crushed-rock 
layer, and a large interspace within the crushed-rock layer 
show a better heat insulation effect. Although enforcing 
convection cannot be produced within the close-system 
CBRE, soil temperatures beneath the embankment show a 
decreasing trend due to extensive heat insulation (Figure 12). 
The cooling effect of the close-system CBRE is much 
smaller than that of the open system [121–123].  
(2) Crushed-rock cover embankment.  After the open- 
system crushed-rock layer is paved on the embankment 
slope, a chimney effect, an air connection, can be produced 
within the crushed-rock layer through the large interspace 
under the enforced temperature difference and air density 
difference [125]. Air convection with a swirling isotherm 
appears within the open-system crushed-rock cover in all 
seasons (Figure 13) [123,126]. Heat insulation with a dense 
parallel isotherm also appears within the open-system 
crushed-rock cover in all seasons (Figure 14) [123,126]. 
The time that air convection and heat insulation within the 
crushed-rock cover occurs has a large difference for all 
seasons, and the chimney effect and heat insulation effect 
have predominantly daily changes. The heat insulation ef-
fect mainly occurs in the period of air temperature increase 
at 9:00 to 18:00 in summer and autumn, showing an ad-
vantage effect to protect permafrost beneath the embank-
ment. However, this effect occurs in the period of air tem-
perature decrease at 24:00 to 9:00 in winter, which shows 
the disadvantage effect to protect permafrost. In summer, it 
is difficult to determine the time that heat insulation occurs 
because of the continually changing air temperature. The air  
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Figure 12  Soil temperature at (a) 0.5 m depth and (b) 2.5 m depth beneath the embankment. CREO refers to the open-system crushed-based rock, and 
CREC refers to the close-system CBRE. 
 
 
Figure 13  Air convection within crushed-rock cover in (a) spring, (b) summer, (c) autumn, and (d) winter. 
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Figure 14  Heat insulation within crushed-rock cover in (a) spring, (b) summer, (c) autumn, and (d) winter. 
convection effect mainly occurs in the period of air temper-
ature decrease at 18:00 to 24:00 in spring, summer, and 
autumn, showing an advantage effect to protect permafrost. 
However, the effect occurs in the period of high air temper-
ature at 12:00 to 18:00 in winter, showing an advantage 
effect to protect permafrost due to the negative air tempera-
ture in winter [123]. Therefore, with the seasonal changes of 
air temperature and the daily change of air temperature dif-
ference, the heat insulation effect and chimney effect within 
the crushed-rock cover show a combined process of daily 
and seasonal changes. Such process results in the change of 
heat amount transferred within the crushed-rock cover, 
which, in turn, results in a change of the permafrost’s ther-
mal regime beneath the embankment. After the crushed- 
rock cover is jammed by sand, the cooling mechanism is 
weakened. After the thickness of the crushed-rock cover is 
increased, the cooling mechanism is strengthened.  
A crushed-rock layer is paved on an embankment slope, 
and the thermal disturbance of its soil temperature within 
the embankment changes with the air temperature, which 
affects the cooling effect of this structure. This prevents the 
soil temperature beneath the embankment from decreasing 
quickly in the short term (Figure 15). Meanwhile, the dif-
ferences of soil temperature decrease among the open-  
system, close-system, and thickening crushed-rock covers 
are small in the early period of engineering construction. 
However, the cooling effect of the crushed-rock cover 
gradually accumulates with time, the soil temperatures 
gradually decrease, and the soil temperature differences 
among the open-system, close-system, and thickening 
crushed-rock covers gradually increase (Figure 15) [122]. 
4  Discussions 
Climate change clearly affects frozen soil engineering, 
which needs to account for climate change to ensure long- 
term stability and reliability. Climate change must be seri-
ously considered in engineering design. When QXH was 
constructed, no consideration was given to the influence of 
climate change on the design of embankment height and 
engineering measure; it was just in the last decade that this 
factor was considered when it led to thaw settlement, a ma-
jor engineering disease. Although the QXR construction has 
now considered the effect of climate change and ecological 
environment change on permafrost, the main principle is 
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Figure 15  Soil temperatures at (a) 0.5 m depth and (b) at 2.5 m depth beneath the crushed-rock cover embankment. CRC120 refers to crushed-rock cover 
that is 120 cm thick; CRCO80 and CRCC80 refer to open-system and close-system crushed-rock covers that are 80 cm thick, respectively. 
proposed in engineering design because we cannot evaluate 
and determine the overlapping influence of climate change 
and engineering thermal disturbance on permafrost beneath 
the embankment, as well as the contribution of this overlap-
ping influence to engineering stability. Therefore, the ra-
tionality of engineering design and the adaptability of cli-
mate change are only evaluated by monitoring permafrost 
change after construction, which leads to the large uncer-
tainty of considering climate change in future engineering 
design. The methods and ideas of engineering design in 
considering climate change are difficult to apply in a wide 
scale.  
Climate change and engineering activities lead to eco-
logical environment changes in permafrost regions. These 
changes, in turn, induce the local settlement of the ground 
surface and affect engineering stability in the cold regions. 
As of this writing, we cannot rationally reveal the source of 
large deformation for roadbed engineering, specifically, 
whether the deformation source is related to the settlement 
of ground surface caused by climate change and engineering 
activities. On the other hand, engineering activities lead to 
changes in the frozen soil environment, which then induce 
ecological environment changes including vegetation deg-
radation, desertification, and so on. Although environment 
protection measures and cooling roadbeds do not wield a 
large impact on ecological systems, they may have long- 
term potential influence on the ecological environment and 
the range of their influence may extend from local scale to 
regional scale. Thus, we urgently need to determine meth-
ods for considering the effect of sensitive ground surface 
settlement in the engineering design for cold regions.  
Under the effect of ecological environment change and 
climate change, we need to include permafrost, climate, 
environment, and engineering into a system to synthetically 
analyze their interactions. The mechanism of overlapping 
effects of climate change, engineering activities, and eco-
logical environment change on engineering stability, the 
response process as well as the mechanism of thermal and 
mechanical stability of permafrost to climate change, eco-
logical environment change, and engineering activities are 
difficulties that result in a bottleneck. The restrictions to 
taking into consideration climate change and ecological 
environment in the engineering design for frozen soil, and 
the tendency of future research to focus on frozen soil en-
gineering must be urgently addressed.  
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